Abstract Next generation sequencing (NGS) technologies provide great resources to study bird evolution and avian functional genomics. They also allow for the identification of suitable high-resolution markers for detailed analyses of the phylogeography of a species or the connectivity of migrating birds between breeding and wintering populations. This review discusses the application of DNA markers for the study of systematics and phylogeny, but also population genetics and phylogeography. Emphasis in this review is on the new methodology of NGS and its use to study avian genomics. The recent publication of the first phylogenomic tree of birds based on genome data of 48 bird taxa from 34 orders is presented in more detail.
Introduction
In natural sciences, progress and new insights are often triggered by new technologies, which allow a deeper and more detailed analysis of the material world. In biology, a breakthrough came through the possibility to sequence not only few marker genes, but also complete genomes. In 2003, the human genome was sequenced for the first time (International Human Genome Sequencing Consortium 2001) ; this work involved the cooperation of several laboratories and the use of thousands of capillary sequencers. In the last 10 years, DNA technology has seen the advent of new sequencing technologies [next generation sequencing (NGS)], which allow the parallel sequencing of millions of DNA molecules. With NGS, complete genomes can now be sequenced in a relatively short time. Furthermore, because the costs for NGS have come down steadily, genome analyses are now possible for research groups with a normal research budget.
The new sequencing technologies can be used to analyse complete genomes, transcriptomes (i.e., all the genes that are expressed in an organism, tissue, or cell) and epigenomes (modifications of DNA, such as methylation of cytosine, relevant to differentiation and development). The availability to sequence data of full genomes brings us closer to being able to reconstruct true phylogenomic trees of life; unlike previous analyses based on few marker genes (Table 1 ), they will be based on complete genomes or large parts of these genomes. RNA sequencing is used to understand the phenotype and function of an organism by revealing which genes are expressed in a particular tissue or stage of development, but it can also be used for phylogenomic analyses and to develop genomic markers (due to lack of space, RNA sequencing applications in ornithology will not be reviewed here). NGS produces extremely large data sets that require the help of knowledgeable bioinformatics and powerful computers for analysis.
In this review, we give a short summary on the pre-NGS use of DNA markers in ornithology. We then focus on genomic analyses by NGS used to identify new genetic markers such as microsatellites and single nucleotide polymorphisms (SNPs) in non-model species and to reconstruct a first avian phylogenomic tree.
Pre-NGS DNA analysis in ornithology
In the late nineteenth and first half of the twentieth century, the discovery of DNA by Friedrich Miescher in 1869 (Dahm 2008) , the resolution of its chemical (Levene 1919) and structural (Watson and Crick 1953) characteristics, and the recognition of its role in inheritance (Avery et al. 1944; Hershey and Chase 1952) sounded the bell for the development of molecular DNA markers. Since then, methods to study directly the DNA of an organism have found their way into all fields of modern biology. It was the deciphering of a few hundred base pairs of mitochondrial DNA (mtDNA), which first became possible due to the invention of the chain termination sequencing method (Sanger 1981; Sanger et al. 1977) , and the direct amplification of marker genes by polymerase chain reaction (PCR; Saiki et al. 1985 Saiki et al. , 1988 .
Before PCR and DNA sequencing, analyses of mtDNA, which is available in greater copy numbers than nuclear DNA in most cells, was carried out in birds. As early as 1984, pioneering work by, for example, John Avise and colleagues involved DNA restriction enzymes to study nucleotide substitution patterns in mtDNA, and ducks were among the first study objects (Kessler and Avise 1984) . Not much later, this methodology of restriction fragment length polymorphism analysis (RFLP) came to broader application in ornithology (Kessler and Avise 1985) . Mack et al. (1986) recognised the great potential of studying nucleotide variation in mtDNA in ornithology as early as 1986 with the first review on the topic in an ornithological journal. The first research papers in specific ornithology journals followed quickly in the late 1980s (Avise and Zink 1988; Quinn et al. 1989) . But because RFLP has limited power of resolution, it was quickly abandoned when PCR and sequencing methods became available in the 1990s. DNA sequence could then be used for taxonomic species identification in curious cases, such as a shrike for which only a single individual was known (Smith et al. 1991) , and by today, DNA sequence data is available for some 80 % of all avian species, and near-complete for some groups (e.g., Furnariidae, Emberizoidea). DNA fingerprint analyses, developed by A. Jeffreys in the 1980s (Jeffreys et al. 1985a, b) and based on the fragmentation of nuclear DNA by restriction enzymes and the detection of repetitive DNA elements (''minisatellites'') by multi and single locus probes, were instrumental to understand parentage systems in many organisms, including birds (Burke and Bruford Ornithology in the age of genomics So far, genomic studies of birds have not become as widespread as genetics did in the early 1990s, despite the availability of genomic technology for some years (Edwards 2007) . The first genomic studies on birds were clearly motivated by agricultural interests. One of the first genomes to be sequenced among higher vertebrates was the chicken Gallus gallus genome over a decade ago (Hillier et al. 2004) , followed a few years later by the turkey Meleagris gallopavo (Dalloul et al. 2010 ) and the domestic duck/Mallard Anas platyrhynchos (Huang et al. 2013) . Equally likely to be among the first birds with a sequenced genome were of course those species that are maybe not model species for agriculture, but for many other main scientific disciplines; perhaps most prominently the zebra finch Taeniopygia guttata (Warren et al. 2010) , which was believed to fuel avian genomics in the wild (Balakrishnan et al. 2010) . In 2012, the genomes of pied and collared flycatchers Ficedula hypoleuca, F. albicollis were published and in 2013 the peregrine Falco peregrinus and saker falcon F. cherrug (Zhang et al. 2014b) . Very recently, a breakthrough was achieved in avian genetics on the biggest possible scale: avian genomics. A recent Science issue (vol. 346 no. 6215, 2014 ) not only covered a first phylogenomic tree, but also other articles, in which the genome data were used in a comparative way as to understand the evolution of birds and the genomes. Further topics included the evolution of sex chromosomes, for instance, or the development of complex traits, such as flight, loss of teeth, and vocal learning. In addition, more than 20 more articles were published concertedly in other journals (overview on http://avian.genomics.cn/en).
Bird genomes encompass between 0.9 and 1.3 billion bp and are thus 70 % smaller than mammalian genomes, which usually have more than three billion bp. The number of genes, however, is thought to be up to 30,000 in both mammals and birds. Bird genomes have apparently lost quite a number of repetitive DNA elements and underwent segmental deletions. Instead of 34-52 % of repetitive DNA (LINE, SINE, transposons) in the genome of mammals (Storch et al. 2013) , bird genomes harbour only 4-10 % repetitive DNA (Zhang et al. 2014b ). Compared to other vertebrates, birds have fewer introns and shorter intergeneric sequences (Zhang et al. 2014b) . Bird genomes are highly conserved with regard to their sequences and their arrangement on chromosomes (synteny). Nucleotide substitution rates are lower in birds than in mammals (1.9 9 10 -3 substitutions per nucleotide position and million years in birds vs. 2.7 9 10 -3 substitutions in mammals). Within birds, Passeriformes (the largest and most divers of bird orders) show the highest substitution rates 3.3 9 10 -3 substitutions per position and million years. High substitution rates were also found in birds that are able to learn songs such as parrots, humming birds and song birds (Zhang et al. 2014b) .
Considering that whole genome data exist for bird references for over a decade, and that NGS technology has been mature for at least half of this time (Metzker 2010) , it is interesting to observe that genomic technology has not yet become a regular tool in specific ornithological studies. While introducing genomics in more detail, we adopt the strategy to highlight how the transition from genetics to genomics has taken place in the wider scope of ecology and evolution of birds as examples of organismal biology, and in which way we expect genomics to reach into specific ornithology journals in the future. Some general genetic knowledge of the reader has to be assumed in order to keep this review realistic. We thereby often omit examples from the non-avian literature although we are very aware that methods are usually independent of the taxon studied. However, we introduce relevant reviews from general biology in all paragraphs to provide the reader with access to condensed current knowledge. Here we focus on ornithology specifically, providing starting points across the broad topic of genomics for the interested ornithologist.
Genetic marker discovery in the genomics era
A genomic study does not necessarily entail the analysis of genomes in their full complexity. In fact, short-read sequencing technologies have been used successfully in a wide range of ecological and evolutionary studies of organisms where no reference genome was available. We now present examples wherein which genomic technologies greatly facilitated genome-wide marker set development-often without the need of a reference genome-and wherein short-reads or other reduced representations of the genome were developed to function as genetic markers.
marker genes. One of the most important genetic markers with a higher resolution power were microsatellite markers to assess genetic relationships within populations and species (Schlötterer 2004) (Table 1) . Microsatellites are stretches of repetitive DNA motifs, for example, in the form of …ACACACACACACACACACAC…, here (AC) 10 , and are, therefore, also called short tandem repeat (STR) or simple sequence repeat (SSR) markers (Selkoe and Toonen 2006) . Because of this repeat structure, DNA replication enzymes often introduce errors (by ''polymerase slippage'') and microsatellite loci, therefore, exhibit a high level of allelic diversity within species and populations (Goldstein and Schlötterer 1999) . PCR primers flanking such repeat motifs in rather conserved regions of the genomic sequence lead then to amplicons that exhibit a size difference based on the number of repeats in the microsatellite locus. Such size differences can be measured and scored as co-dominant alleles (Guichoux et al. 2011) . Traditional methods to detect these repeat structures in the genome of a study species used to involve the preparation of libraries enriched for a certain arsenal of repeat probes and cloned into bacterial vectors to detect a specific DNA sequence (Grunstein and Hogness 1975) . These clones would then be Sanger-sequenced to identify the flanking region for primer design. This is a tedious procedure and involves many labour and time intensive steps.
With NGS technology, the situation has changed considerably. There is no longer a need to enrich genomic libraries with STR probes and sequence them individually after cumbersome bacterial cloning. With pyrosequencing technology (Ronaghi 2001) implemented in Roche's 454 sequencing technology (Margulies et al. 2005) , for example, sequence reads from parallel sequenced whole genome shotgun libraries are long enough to be mined bioinformatically for adequate STR motifs and their flanking sequences at the same time (Gardner et al. 2011; Malausa et al. 2011; Schoebel et al. 2013 ). Among many applications, such technology can benefit bird conservation projects directly. For example, Hartmann et al. (2014) were able to extract sufficient amounts of genomic DNA for 454 sequencing from four individuals of the highly endangered pale-headed brushfinch Atlapetes pallidiceps in Ecuador. They obtained 39,033 sequences across the whole genome from which they were able to detect bioinformatically 869 sequences containing di-, tri-, or tetrameric microsatellite repeats. For 24 of these sequences, primers were designed and tested, leading to the discovery of nine completely new markers, which could be used in subsequent genetic diversity assessments. But also ecologically well-understood species in Europe have suffered a lack of genetic marker systems. In Montagu's harrier Circus pygargus, important questions regarding mating system structure and breeding behaviour remained unstudied until second generation 454 sequencing made it possible to address molecular ecological questions (Janowski et al. 2014) . The sequencing run in this project yielded even more sequences than in the previous example: a total of 85,624 reads. Of these, 448 potential microsatellite loci could be extracted, and subsequent testing of 42 loci revealed a polymorphic and reliable set of 19 markers. Using the 454 method, it was even possible to create a genetic marker set for extinct moa species (Aves: Dinornithiformes) of New Zealand (Allentoft et al. 2009 ).
Four hundred and fifty-four sequencing is becoming outof-date due to the ever increasing throughput of competitor systems such as Illumina sequencing (Bennett 2004; Bentley 2006; Fedurco et al. 2006) , which is now established as the industry standard in short-read sequencing. Currently, Illumina sequencers (http://www.illumina.com/ applications/sequencing/dna_sequencing.html) produce 150 bp long paired-end reads (i.e., de facto up to 300 bp) on their high-throughput instruments (HiSeq 2500) and 300 bp paired-end reads on their medium-throughput solution (MiSeq; de facto 600 bp with paired-end sequencing). This leaves sufficient space to design primers in regions that flank the detected repeat motif. Examples in which Illumina technology has succeeded in particularly complicated cases in birds are Gunnison sage-grouse Centrocercus minimus and Clark's nutcracker Nucifraga columbiana, which have been shown to have considerably fewer STRs than a snake species used in the same study (Castoe et al. 2012) . The authors also compared the pairedend sequencing protocols from these relatively early times (in terms of Illumina technology evolution) to 454 technology at that time. Illumina's method out competed 454 in every respect even when correcting for the 1009 higher output of Illumina in the study. Without this correction, Illumina clearly is orders of magnitude cheaper, too.
However, developments do not stand still, and new technologies such as single molecule real-time (SMRT) sequencing on the Pacific Biosciences RS (Eid et al. 2009 ) are now coming into application. They are termed third generation sequencing because their fundamentally different technology yield data of very long sequence reads (Metzker 2010) . Grohme et al. (2013) tested this long-read technology for microsatellite discovery in the greater white-fronted goose Anser albifrons. SMRT produces a relatively small number of several kb long sequences, in this study, 16,180 reads with a total of 43 Mb of sequence data. The raw data of SMRT sequencing suffer from low base call quality, around 85 %, but there are protocols to build circular consensus sequences (CSS) leading to accuracies of [99 % at the cost of coverage (Travers et al. 2010) . The very long reads and high accuracy after building consensus sequences promise to yield substantial amounts of microsatellite markers with high quality flanking sequence information allowing for primer design. The 16,180 longs-reads could be arranged into 281 SMRT-CCS reads, and 316 microsatellites were identified of which 251 flanking PCR primer pairs could be designed. Eventually, a comparison of costs showed that microsatellite development based on SMRT was cheaper than methods based on 454, but more expensive than those based on Illumina (Grohme et al. 2013 ). However, this proof-of-concept paper illustrates that technology is progressing constantly.
SNPs: high frequency, genome-wide marker sets
The pragmatic definition of genomics, namely that it entails studies in which a large number of genetic markers are used in ways as to represent the majority of a study species' genome (see ''Introduction''; Black et al. 2001; Luikart et al. 2003) , signifies how genomic techniques have been used for some years. Such genome-wide marker sets can be extensive in model species such as the chicken (Groenen et al. 2000; Wong et al. 2004) . In non-model species, it has usually not been possible to conduct studies in which microsatellite markers were used in sufficiently high densities across chromosomes as to refer to them as genomic studies. However, for some time, a new type of molecular marker has found its way into ecology and evolution studies: the SNP system.
Basically, the genomes of all organisms are spiked with SNPs in densities of sometimes more than 1/100 bp in outbreed species. The definition of an SNP includes the criterion to be segregating at a minimum of 1 % of the minor allele in population or species (Brookes 1999) to discriminate them from rare mutations, which technically are SNPs as well, but might have very specific phenotypes and, therefore, specific applications-for example, SNPs that are the causative mutations of genetic diseases (Burton et al. 2007 ). In the genetics of model systems, SNPs have become the common-place marker Vignal et al. 2002) , and also the ever increasing supply of genotyping methods spurs their application in small, ecology, and evolution oriented laboratories. This includes the genotyping of difficult material like bones (Morin and McCarthy 2007) and fish scales (Smith et al. 2011) , or faeces and urine traces in snow (Kraus et al. 2015) .
The initial problem of obtaining SNPs as genetic markers lies in the fact that one cannot identify an SNP by its motif, as can be done in the case of a microsatellite. Therefore, a panel of multiple individuals needs to be sequenced for the same genomic regions, their sequences aligned, and polymorphic positions extracted and validated. Traditional methods involve sequencing of many independent genome fragments (Aitken et al. 2004; Seddon et al. 2005) . Studies following similar strategies were indeed carried out in birds (Backström et al. 2008; Cramer et al. 2008; Kerr et al. 2014) , but this approach is impractical to yield a sufficient number of SNPs to compete with the statistical power of multi-allelic microsatellites: two to ten SNPs are usually needed to reach the power of one microsatellite, depending on the research question (Gärke et al. 2012; Morin et al. 2004; Schlötterer 2004; Schopen et al. 2008) .
However, the highly parallel nature of NGS has changed the field considerably. When NGS was still relatively expensive for sequencing whole genomes, methods for complexity reduction were developed for SNP discovery. So-called reduced representation libraries (RRLs) were used to select a fraction of the genome, say 5 %, to make it possible to sequence this portion for many individuals (van Tassell et al. 2008) . The generated sequence reads were aligned to a reference genome and SNP information extracted with a dedicated bioinformatics pipeline (e.g., Kraus et al. 2011) . In the latter case study, 5 % of the mallard genome was extracted from genomic DNA using digestion with two DNA restriction enzymes: AluI (yielding 4 %) and HhaI (yielding 1 %). Both libraries were created from a pool of genomic DNA that stemmed from multiple individuals across a large geographical range to avoid ascertainment bias (Boursot and Belkhir 2006; Bradbury et al. 2011; Rosenblum and Novembre 2007) . The raw sequencing data from Illumina technology had a size of 35 million 76 bp reads, which were filtered aggressively for several quality indicators, including per base quality score and excessive read over-representation pointing potentially to multi-copy genes or other repetitive regions. This led to a quality trimmed data set of 16.6 million reads of 62 bp length. After finding potential SNP positions and applying several further quality filters, 122,413 SNPs were identified with great confidence. The strict quality filtering proved to be useful as it was found in a validation step of genotyping 364 of those SNPs that the SNP-to-assay conversion rate was 99.7 %, a high value among comparable studies ). Further, work-arounds were developed for species where no reference genome was available, and that included a two-step procedure of assembly of RRLs of longer fragments and subsequent SNP information extraction from de novo assembled long RRLs (Kerstens et al. 2009; van Bers et al. 2010) . Alternatively, for SNP discovery in barnacle geese Branta leucopsis, it has been shown to be highly efficient to use the reference genome of a close relative (here, the mallard) for the extraction of chimeric flanking sequence and subsequent marker development (Jonker et al. 2012) . In birds, this is a particularly promising strategy because of the highly conserved synteny of their genomes .
SNPs can as well be mined by cross-amplification of large collections of SNPs developed for other species J Ornithol (2015) 156:851-865 855 (Ogden et al. 2012) , sometimes as distant as 44 million years (Hoffman et al. 2013 ). This is because there seems to be always some general background retention of shared SNPs of around 1-5 % between species (Kraus et al. 2012 ). However, one needs to bear in mind that these SNPs are mostly conserved for a reason and are likely enriched for functional SNPs or are biased in other ways that are not immediately evident. These unknown sources of bias are particularly hard to account for when performing certain types of analyses that require markers to behave as neutral as possible. For birds, such large-scale SNP chips are available, of course, for the agriculturally important chicken (e.g., Groenen et al. 2011) . But also models in ecology and evolution have received increased attention lately, with 10 k SNP chips for the great tit Parus major (van Bers et al. 2012 ) and the house sparrow Passer domesticus (Hagen et al. 2013) , and a 50 k SNP chip for Ficedula flycatchers (Kawakami et al. 2014 ). Cross-amplification studies at least within the Passeriformes should therefore be straight-forward with these new resources.
As costs for NGS are coming down steadily, also high coverage shotgun sequence analyses covering complete genomes become feasible and will certainly be used in future to develop new STR and SNP markers.
Direct use of reduced genome representations
RRLs cannot only be used for marker discovery. When each individual in a sequencing run is marked individually by a DNA barcode, its sequences can be extracted from the output of large sequencing runs and directly used in subsequent population genomic analyses. This idea requires that the preparation of an RRL from each individual is carried out with greatest care as to maximise the overlap of all potential fragments recovered by the size selection of the RRL construction. Greminger et al. (2014) advanced the RRL approach by meticulously standardising restriction enzyme digestion, gel extraction, and DNA purification for a population genomic study of orangutans Pongo sp., calling their strategy the iRRL protocol.
Not all RRL strategies involve size selection and gel purification, however. In fact, it has not taken long for more streamlined protocols to become available that eliminate the variation in fragment size libraries when cut from gel manually. A technology called ''restriction site associated DNA (RAD) sequencing'' (Miller et al. 2007 ) was introduced and refined for ecology and evolution studies by Baird et al. (2008) . For RAD sequencing, short sequence reads are generated by NGS at thousands of regions adjacent to restriction endonuclease recognition sites across the genomes of multiple individuals at once. First used for SNP discovery Scaglione et al. 2012; Senn et al. 2013) , it has also been a method for direct genotyping of samples . For example, RAD sequencing was applied to solve questions regarding the divergence between two subspecies in Swainson's thrush Catharus ustulatus. Twenty-five blood and tissue samples from five populations across the breeding range in North America were collected and studied for divergence on a chromosomal level, whereby 360,000 SNPs (after quality filtering) could be analysed, or 154,000 SNPs when only SNPs with a known physical location on the zebra finch genome were needed for analysis (Ruegg et al. 2014) . It was found that especially genes associated with migratory traits were involved in subspecific differentiation and that the Z chromosome showed particularly accelerated divergence. Another example where SNPs from RAD sequencing were powerful markers for the study of population and species divergence is a study of the Neotropical flycatcher genus Zimmerius. Rheindt et al. (2014) used vocal recordings, biometrics, and spectrophotometric measurements in conjunction with genomics. RAD sequencing genotyped 37,361 SNPs from two individuals of Z. viridiflavus, three Z. chrysops, five birds from mosaic populations where species boundaries are transient, and two outgroup individuals (Z. acer, Z. gracilipes). Of those, 2710 SNPs were found across all these lineages and could be used for tests of incomplete lineage sorting versus true introgression. Allelic variation due to introgression pointed at a candidate set of genes that need to be studied in further projects.
A direct genotyping approach closely related to RAD, called ''genotyping by sequencing'' (GBS; Elshire et al. 2011) , involves an even easier work flow and promises cheaper applications. Here, a very recent example in birds is again a study of speciation and divergence of a species complex. The Neotropical ovenbird Xenops minutus currently has 11 recognised subspecies, of which a large number of 72 individuals from seven subspecies could be subjected to the RAD sequencing derivative technology called GBS (Harvey and Brumfield 2015) . The number of SNPs that could be extracted for analyses (3379) was lower than that for the RAD examples above, which is both due to a higher number of individuals in the latter study and to the inherent properties of GBS to yield less data, but a much more efficient work flow and thus reduced project complexity and cost. With the less complex work flow of GBS, it was possible to include museum samples (62-yearold skins) in a study to resolve the evolutionary history of Afro-Canarian blue tits Cyanistes teneriffae, with samples from Eurasian blue tit Cyanistes caeruleus and the azure tit Cyanistes cyanus as phylogenetic outgroups (Gohli et al. 2015) . From a total set of 17,000 SNPs, subsets needed to be created to assess population structure (7500) or phylogenetics (6400, of which 2000 loci were randomly picked because of limitations of the computer programme in use).
Finally, the historical museum skin samples yielded 166 SNPs to complement analyses with individuals from the current time.
Details of RAD sequencing methods (sensu lato) are covered by many methodology-related reviews, to which we refer the interested reader at this point (e.g., Baxter et al. 2011; Davey et al. 2011 Davey et al. , 2013 Narum et al. 2013 ). In general, RAD is implemented nowadays in many service laboratories and is, therefore, available also to groups that do not have the equipment and experience to carry out this method. GBS is even cheaper, and more samples can be pooled for the same amount of money, but at the cost of the number of genotypes (see GBS example above). A methodological drawback of RAD and GBS are increasing levels of missing data when more individuals are added to a project. This means that by adding more individuals, often already when studying more than 50 specimens, the amount of scorable SNPs drops quickly. It is further not cost-effective to add a few individuals (say, 10) to an existing data set because a whole new run for only these few samples would need to be arranged-at the same cost, normally, as for the larger project. Last, but not least, a number of biases exist, which will need to be taken into account when designing and analysing RAD or GBS projects .
A first phylogenomic avian tree of life
Like the advent of the first generation DNA sequencing using the Sanger method, the advent of second (or next) generation sequencing technologies has been a big bang for the natural and life sciences as a whole. The new sequencing technologies are so-called second generation because they rely on fundamentally different principles. Whereas the chaintermination sequencing method of Sanger produces relatively long stretches of DNA sequence (around 1000 bp, or 1 kbp) with error rates usually as low as 1/10,000 per nucleotide, the new technologies produce millions of socalled short-reads (i.e., shorter stretches of DNA sequence), but in a highly parallel manner. This, however, comes at the cost of sequence quality, which is in turn ameliorated by a high redundancy in sequencing the same DNA fragments multiple times, whereby errors can be amended by so-called sequencing depth. These technologies were reviewed in depth a few years ago in general (Metzker 2010) and with a focus on ornithology (Lerner and Fleischer 2010) , and we thus forgo to delve into details here.
In the article ''Whole-genome analyses resolve early branches in the tree of life of modern birds'' ), a phylogenomic avian tree of life was presented (Fig. 1) that was based on partial genomes of 48 bird taxa from 34 orders (including 30 orders of Neognathae). Some of the genome data used by Jarvis et al. (2014) had derived from earlier genome analyses. The dataset of 42 million nucleotides comprised sequences of 8351 exons of proteincoding genes, of 2516 introns, and of 3769 ultraconserved elements (UCEs). Jarvis et al. demonstrated that UCE and intron sequences were more informative than those of exons. This tree (Fig. 1) confirmed quite a number of phylogenetic relationships that had been discovered by Ericson et al. (2006) and Hackett et al. (2008) based on the analysis of sequences of 19 nuclear genes (see Wink 2011 Wink , 2013 Wink , 2015 . However, this information was hardly mentioned in many of the press articles, which featured the results presented in Science. In addition, Burleigh et al. (2015) have reconstructed a more comprehensive avian phylogeny from 6714 species based on a sparse supermatrix comprising 22 nuclear loci and seven mitochondrial regions. We are aware that the tree shown in Fig. 1 reflects one of several other possible hypotheses (for discussion see Jarvis et al. 2014) .
The new analysis confirmed the basal position of Palaeognathae (with ostrich and tinamus) and the monophyly of Neognathae as a sister group. Within Neognathae, the Galloanserae (comprising all pheasants, grouse, quails, partridges, ducks, geese, and swans) were corroborated as a sister to the rest of the Neoaves. Differences were found, however, in the structure of Neoaves. The division of Neoaves into ''Metaves'' and ''Coronaves'' (after Hackett et al. 2008 , and other authors) could not be confirmed (Fig. 1) . In Neognathae aquatic and terrestrial bird taxa evolved independently several times, suggesting that this trait was strongly influenced by convergent evolution. Jarvis et al. (2014) postulate a monophyletic clade ''Columbea'', clustering at the base of Neoaves, which comprises both land and water birds. This monophylum includes pigeons (Columbiformes), sandgrouse (Pterocliformes), and mesites from Madagascar (Mesitornithoformes) as land birds, and flamingos (Phoenicopteriformes) and grebes (Podicipediformes) as water birds. This monophyletic cluster of water birds was described by Hackett et al. (2008) . The tropical birds (Phaethontiformes), which were then part of the flamingo/grebe cluster, are now together with Sunbittern and Kagu (Eurypygiformes) at the base of a larger water bird monophylum termed ''Aequornithia''. All the other bird orders belong to ''Passerea'' according to Jarvis et al. (2014) .
The known clade of nightjars (Caprimulgiformes), swifts, and humming birds (considered as Apodiformes) was also recovered by Jarvis et al. (2014) , but is now summarised as Caprimulgiformes. Cuckoos (Cuculiformes), turacos (Musophagiformes), and bustards (Otidiformes) cluster as a sister to Caprimulgiformes (similar to the position in Hackett et al. 2008) . The phylogenetic position of the South American hoatzin (Opisthocomus), which resembles cuckoos to some degree, had been enigmatic so far. The new results indicate that the Hoatzin is not a cuckoo, but clusters together with cranes (Gruiformes) and waders (Charadriiformes).
The large clade of water birds (''Aequornithia'') is largely in agreement with the phylogenetic hypotheses of Hackett et al. (2008) . It comprises loons (Gaviiformes), a sister clade of Sphenisciformes/Procellariiformes, and the other water birds, now placed together as Pelecaniformes. Unfortunately, Jarvis et al. (2014) have not sequenced a member of storks, which leaves the position of the Ciconiiformes unresolved. After Hackett et al. (2008) , the Ciconiiformes (with a single family Ciconiidae) cluster basal to Pelecaniformes.
The other bird orders were combined as ''core land birds; Telluraves'', which are subdivided into two clades, Afroaves and Australaves (Fig. 1) (Ericson 2012) . In the Afroaves, birds of prey (Accipitriformes) are basal, which agrees with the tree of Hackett et al. (2008) , confirming that New World vultures (Cathartidae) do not belong to the Ciconiiformes as was postulated by Sibley and Monroe (1990) . The finding of Hackett et al. (2008) that falcons (Falconidae) are not part of the birds of prey clade (Accipitriformes), but belong to a Falconidae/Psittaciformes/ Passeriformes, was corroborated by the genome data (Fig. 1) . Therefore, the order Falconiformes now is confirmed to consist of falcons only and no longer of other The phylogeny represents a ''total evidence tree'' reconstructed from 42 million nucleotides (from exons, introns, and UCEs) of almost every bird order. Branch lengths correspond to the evolutionary age of the taxa. Nodes without a bootstrap support of 100 % are marked with an asterisk. The arrow on the time axis indicates the border of the Cretaceous/ Tertiary about 66 million years ago raptors (Wink 2011 (Wink , 2013 . The relationship of owls (Strigiformes) with mousebirds (Coliiformes) was confirmed as well. The other Afroaves consist (as in Hackett et al. 2008 ) of cuckoo roller (Leptosomiformes), trogons (Trogoniformes), hornbills (Bucerotiformes), woodpeckers (Piciformes), and kingfishers, bee-eaters, rollers, motmots, and toadies (Coraciiformes). The clade comprising the Australaves is identical to the one in Hackett et al. (2008) . Basal are seriemas (Cariamiformes), followed by Falconiformes, Psittaciformes, and Passeriformes. This finding was highlighted as a novelty in many press articles although the group of falcons, parrots, and songbirds had already been recognised as a monophylum by Hackett et al. (2008) and termed ''Eufalconimorphae'' by Suh et al. (2011) , which might have originated in the austral continent of Australia-AntarcticaSouth America about 65 million years ago.
The phylogenomic data were analysed under a molecular clock model and fossils used as minimum age constraints. As can be seen in Fig. 1 , it is assumed that the Palaeognathae and Neognathae shared a common ancestor before more than 100 million years ago. About 88 million years ago, the lineages leading to Galloanserae and Neoaves became separated. Within the Neoaves, a rapid radiation into a larger number of bird orders took place within a few million years at the border of the Cretaceous and Tertiary (around 67-69 million years ago) when planet Earth was apparently hit by a large meteorite leading to the extinction of dinosaurs (Alvarez et al. 1980; Vellekoop et al. 2014) . This rapid radiation after the mass extinction can explain the difficulty to find statistically significant support for many of the nodes leading to the branches of extant bird orders. In the present tree, six of 46 nodes had bootstrap support of \100 % indicating incomplete lineage sorting. When the dinosaurs had disappeared, a number of ecological niches became vacant, which were soon inhabited by new groups of birds and mammals (Storch et al. 2013) . As early as 50 million years ago, almost all bird orders had evolved. New bird orders evolving in the Eocene were the Apodiformes, Piciformes, and Coraciiformes. The Passeriformes evolved relatively late, around 39 million years ago in Australia, and today comprise about 60 % of all extant birds. Because we do not have fossil evidence for the time point of divergence of Passeriformes, this calibration should be treated with some caution as the molecular clock apparently runs at a different speed in this order.
The relationships discovered by Hackett et al. (2008) and Jarvis et al. (2014) differ on many points from the results of DNA-DNA hybridisation analyses carried out by Sibley and co-workers about 25 years ago when they were used to reconstruct a new systematics of birds (Sibley and Monroe 1990 ). As we know today, DNA-DNA hybridisation does not have sufficient phylogenetic resolution power as compared to sequence data. Therefore, it is not surprising that Sibley and Monroe (1990) arrived at apparently wrong systematic groupings in many instances.
Although the new avian tree of life looks quite robust, we can nevertheless assume that it is not correct in all its bifurcations. New genome sequences are in the sequencing pipeline, and the next step will be an analysis of [200 genomes covering most of the bird families (Erich Jarvis, Guojie Zhang, Tom Gilbert, personal communication) . In a long-term perspective, an avian tree of life comprising all its 10,500 taxa (or more; del Hoyo and Collar 2014) will probably be available in the future. In addition, the present phylogenomic analysis was based only on those partial genome sequences that were available after quality filtering and alignment in today's computational sequence alignment frameworks. A challenge would be to produce complete genome data with sufficient quality throughout all parts of the genome for a comparative analysis. However, even with improved genome-wide bioinformatics technology it might not be possible to compare every single base in the genomes of a group of species because there will be regions that do not share a common evolutionary history. The more distant two species are in terms of their evolution, the more genomic regions are no longer comparable, and therefore, a ''full phylogenomic tree of life'' will always contain some gaps.
Using whole genomic data to study bird evolution Whole genome sequencing of non-model bird genomes started only a few years ago, starting with the above mentioned zebra finch genome (Warren et al. 2010 ), arguably a model species as well, but the borders between model and non-model can be hard to define in ecology and evolution. Several additional projects have attempted to decipher bird genomes, involving a broad scope of biological questions. Ellegren et al. (2012) screened the genomes of Ficedula flycatchers for islands of speciation (Kelleher and Barbash 2010) , and Zhan et al. (2013) sequenced the genomes of two falcon species to study natural adaptation to predatory lifestyle. The black grouse genome was investigated for regions with a particularly accelerated evolutionary speed, for instance, the major histocompatibility (MHC) locus .
In the framework of the B10 K project (in the special issue of Science and also in other papers, which appeared on the same day), general avian genome evolution was scrutinised in Zhang et al. (2014b) in a comparative genomics manner and complemented by dedicated sex chromosome evolution studies (Wang et al. 2014c; Zhou et al. 2014) . The evolution of sex chromosomes, which have derived from normal autosomes, was analysed by Zhou et al. (2014) . Different from mammals with an XXand XY-system, female birds have a WZ-and male birds ZZ-sex chromosomes. Y-and W-chromosomes have lost a number of functional genes because they cannot recombine with their former homologues, the Z-or X-chromosomes. The DMRT1-gene, which governs male sex determinations in birds, has been lost on the W-chromosome.
It is common knowledge that birds have lost their teeth, which were present in their ancestors, the theropod dinosaurs, during evolution. Using the phylogenomic backbone and the information about all genes that are present in a genome assembly and annotation, Meredith et al. (2014) found that mineralised teeth were lost only a single time in the common avian ancestor. In all of the 48 bird taxa of the genome project, the genes that are responsible for the formation of dentin and enamel were inactivated by mutations, whereas these genes are still active in crocodiles. The authors assume that genes for tooth formation have started degenerating in an ancestor of the present birds for more than 116 million years ago. It has been postulated that the reduction of jaws and loss of teeth is an adaptation to flight (Wink 2013 ) because the horn structures that replace bones and teeth are much lighter.
Adding three crocodilian genomes to the analyses of avian genomes enabled substantial gain of knowledge of deeper archosaur evolution and to infer an ancestral genome of all birds (Green et al. 2014 ). Interestingly, it seems that the chicken lineage most closely resembles the dinosaur avian ancestor (Romanov et al. 2014) . Looking deeper at specific genes of the avian genomes revealed several patterns of adaptation and further connections between ecology, biology, and genetics. The study of two Antarctic penguin species shed light on adaption to extreme climates , while the comparison of an immune gene complex, the MHC, between birds and a crocodilian species (Jaratlerdsiri et al. 2014 ) helped resolve some important open questions in avian immune gene evolution.
Birds are a special group of vertebrates in that they have conquered the sky in an explosive adaptive radiation. A study of keratin genes, which are important for the evolution of feathers early or just before the avian radiation, is an example of how to use whole genome information to gain knowledge about flight evolution in birds in general (Greenwold et al. 2014) . Comparative gene family evolution across birds, and also mammals, has been shown to become highly informative by two exemplary studies: the adaptive gene complex of avian haemoglobin isoform expression (Opazo et al. 2014 ) and a general vertebratewide analysis of hedgehog genes, which are key switches during embryonal development (Pereira et al. 2014) .
Special features of avian genomes also seem to be wired in lineage specific patterns of gene conversion (Weber et al. 2014a) or selection (Weber et al. 2014b) and other factors leading to a rather compact genome Zhang et al. 2014b) . A large group of papers used the bird genomes to investigate a key feature of general genome evolution: transposable and endogenised retroviral elements (Chong et al. 2014; Cui et al. 2014; Suh et al. 2014a, b) . Finally, one of the most eminent traits of birds, the ability of multiple lineages to sing and especially learn songs, was studied in a multifaceted way by comparative genomics (Whitney et al. 2014; Wirthlin et al. 2014) , transcriptomics (Pfenning et al. 2014; Wang et al. 2014b) , and candidate gene approaches (Wang et al. 2014b ).
Conclusions
Soon after becoming available, genetic techniques were readily used to study ecology and evolution in bird species. Traditionally, ornithological topics are interesting to a relatively wide readership, and thus the use of new genetic technologies in ornithology was often published in journals of a taxonomically wide scope (e.g., Nature and Science; Britten 1986; Quinn et al. 1987) . Since the early 1990s, the use of genetics in ornithology is part of most working groups (sometimes by collaboration). In contrast, the costs associated with genome-wide data collection have precluded broad applications of genomics studies for a while. If we take the publication of the chicken genome (Hillier et al. 2004 ) as a milestone in avian genomics, we have since seen merely reviews and opinion papers in specific bird journals (Balakrishnan et al. 2010; Edwards 2007; Piertney 2006) . The reasons are twofold: the financial and analytical burden remains a challenge that is hard to overcome, and avian genomics projects are at the forefront of inter-and cross-disciplinary research and, therefore, are rarely published in specific ornithology journals, which we also observe in most examples presented in this review. It is indeed still prohibitively expensive to perform molecular ecological studies with genomic techniques. Although marker sets covering hundreds of markers can be considered genome-wide, their application has remained exotic (Jonker et al. 2013; Kraus et al. 2013; Kurvers et al. 2013; Santure et al. 2010) and are usually published in journals with a broader scope. The same accounts for the examples about RAD and GBS above. For whole genome analyses of individuals to arrive at a meaningful sample size is a challenge even for today's pricing. However, individual samples of genomic portions were used for phylogenomics (Baker and Haddrath 2006; Kriegs et al. 2006) . It is not only the monetary cost that makes life difficult for ornithologists. Often, relatively heavy bioinformatics is involved in data analysis, and this usually is beyond the regular training of an ecologist. It will take some time until bioinformatics becomes part of MSc level education in ecology and evolution programmes at universities.
Avian evolutionary patterns can, however, be studied not only by genomics, and therefore, an integrative approach to understanding bird origins was highlighted as well (Xu et al. 2014) , in addition to stating clearly the value of classical and modern (i.e., including biobanks) natural history collections (Kress 2014) . Neither do the avian genome project data (Zhang et al. 2014a ) stand isolated with regard to other major genome sequencing projects. Not long ago, an ambitious consortium formed with the aim of sequencing 10,000 vertebrate species (Haussler et al. 2009 ) for building an indispensable foundation for future biology studies. In this respect, the bird genomes are part of an even bigger initiative (O'Brien et al. 2014) , providing a glimpse of what can actually be achieved in the study of evolution and ecology of non-model organisms. Actually, the Avian Genomics papers from December 2014 offer a first example of how true genomic information fosters more applied fields of research, long waiting for large-scale genomic information: conservation genomics (Allendorf et al. 2010; Ouborg et al. 2010; Piertney 2006; Shafer et al. 2015) . Li et al. (2014b) characterised important baseline data in the genome of the crested ibis regarding processes such as near-extinction and subsequent rescue.
Last, but not least, even with the ''big bang'' of avian genomics in the special issue of Science in late 2014, our understanding of comparative genomic landscapes of birds is insufficient to go into more fine-scale or population-wide analyses in many taxa. When will a larger set of reference genomes be available? This is hard to predict considering the over-paced developments in genomics (Hayden 2014) , but Harr and Price (2012) estimated that the majority of all birds would be sequenced by 2022. We know of one more published bird genome, which came out after the Science special issue (Frankl-Vilches et al. 2015) , and we expect that in 2-3 years at the latest, hundreds of bird genomes will be publically available through dedicated online resources such as ''Avianbase'' (Eöry et al. 2015) . Avian genomics currently builds up with great leaps forward. The outcomes of all the many bird genomes will fuel general biological research for many years, and thus the ornithological community will find itself again at the forefront of research of general importance (Konishi et al. 1989) . Avian genomics has grown considerably, as we could show in this review. Maybe not immediately, but almost guaranteed, this will lead to the publishing of more genomics articles in native ornithology journals. Until then, keep your eyes open for ground-breaking ornithology, which is published in many high ranking, cross-disciplinary journals.
